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KINETIC HCDEL FOR COAL PYROLYSIS OPTIHIZATION 

H e i n r i c h  R e i d e l b a c h  ( l ! . S .  E. C a n d i d a t e )  
H a r t i n  S u m m e r f i e l d  ( P r o f e s s o r  of A e r o s p a c e  E n g i n e e r i n g )  

P r i n c e t o n  U n i v e r s i t y ,  P r i n c e t o n ,  New J e r s e y  

Nost c o a l  c o n v e r s i o n  p r o c e s s e s ,  l i q u e f a c t i o n  a s  w e l l  a s  
q a s i f i c a t i o n ,  a r e  c o n d u c t e d  a t  e l e v a t e d  t e m p e r a t u r e s  ( > 400. C ) .  A t  
t he se  t e m p e r a t u r e s  t h e  c o a l  decomposes  t o  y i e l d  v o l a t i l e s  ( t a r s  a n d  
g a s e s  ) a n d  a s o l i d  r e s i d u e  ( c h a r  ) .  I f  t h i s  is d o n e  i n  d n  i n e r t  
a t m o s p h e r e  t h e n  t h e  coa l  w i l l  o n l y  p y r o l y s e .  However, i f  t h e r e  is a 
r e a c t i n g  a m b i e n t  a t m o s p h e r e  ( e.g. h y d r o g e n  o r  steam ) ,  i n  a d d i t i o n  t o  
t h e  p y r o l y s i s ,  g a s i f i c a t i o n  of t h e  c h a r  a n d  r e a c t i o n s  of t h e  v o l a t i l e  
matter w i t h  t h e  r e a c t i n g  y a s  w i l l  o c c u r .  Before w e  c a n  model  t h e  
complex s i t u a t i o n  w i t h  a r e a c t i n g  a m b i e n t  g a s ,  a b e t t e r  u n d e r s t a n d i n g  
of t h e  p y r o l y s i s  of c o a l  in a n  i n e r t  a t m o s p h e r e  m u s t  b e  o b t a i n e d  , 

Nost of t h e  c o n v e r s i o n  p r o c e s s e s  t h a t  h a v e  b e e n  o r  a r e  b e i n g  
d e v e l o p e d  a t  p r e s e n t  are b a s e d  o n l y  o n  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  
i n  bench scale  e x p e r i m e n t s  o r  i n  s o - c a l l e d  p r o c e s s  d e v e l o p m e n t  u n i t s .  
S i n c e  t h e s e  e x p e r i m e n t s  a r e  time a n d  money c o n s u m i n g ,  t h e  whole  r a n g e  
of p r o c e s s  p a r a m e t e r s  c a n  n o t  a l w a y s  b e  c o v e r e d .  Hence i t  is n e v e r  
c e r t a i n  w h e t h e r  t h e  optimum c o n d i t i o n s  for a s p e c i f i c  p r o c e s s  h a v e  
been found ,  a f t e r  a l i m i t e d  ser ies  of e x p e r i m e n t s .  Here a t h e o r e t i c a l  
m o d e l i n g  t e c h n i q u e  w o u l d  b e  a much more e t f i c r e n t  way of o p t i m i z i n g  
t h e  p r o c e s s .  Any t h e o r e t i c a l  model  f o r  a p y r o l y t l c  c o a l  c o n v e r s i o n  
Frocess would be b a s e d  o n  a) a k i n e t i c  model  t o c  c o a l  p y r o l y s i s  a n d  b)  
a m a t h e m i t i c a l  model  of t h e  f l o w  reactor. 

The p u r p o s e  of t h i s  s t u d y  is t o  e s t a b l i s h  a c h e m i c a l  k i n e t i c  
model which l a t e r  w i l l  b e  c o u p l e d  w i t h  f l u i d - m e c h a n i c a l  models for  
severa l  f low reactors. T h i s  k i n e t i c  model s h o u l d  b e  a p p l i c a b l e  o v e r  a 
wide  r a n g e  of , o p e r a t i n g  c o n d i t i o n s  ( e.g.  t e m p e r a t u r e ,  h e a t i n g  r a t e  ) 
i n  o r d e r  t h a t  t h e  o p t i m i z a t i o n  of a new p r o c e s s  n o t  b e  l i m i t e d  b y  t h e  
a p p l i c a b i l i t y  of t h e  k i n e t i c  scheme. T h e  k i n e t i c  scheme s h o u l d  be a b l e  
t o  d i s t i n g u i s h  b e t w e e n  c o n d e n s i b l e  t a r s  a n d  n o n - c o n d e n s i n g  gases, t o  
al low t h e  o p t i m i z a t i o n  of e i t h e r  l i q u e f a c t i o n  or g a s i f i c a t i o n  
p r o c e s s e s .  

Our  c h e m i c a l  k i n e t i c  model  w i l l  b e  b a s e d  o n  e x p e r i m e n t a l  r e s u l t s  
t h a t  have  b e e n  r e p o r t e d  i n  t h e  l i t e r a t u r e .  However, a number of 
s i m p l i f i c a t i o n s  w i l l  b e  i n t r o d u c e d  b e c a u s e  t h e  a v a i l a b l e  d a t a  d o  n o t  
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a l w a y s  c o n t a i n  t h e  s ? e c i f i c  i n f o r m a t i o n  t h a t  i s  n e c e s s a r y  t o  o b t a i n  
k i n e t i c  v a l u e s  for our  s c h e m 2 .  S i n c e  ms t  of  t . h e  p u h l i s h e d  
s x p e r i m o n t a l  r e s u l t s  a r e  f o r  h i g h  v o l a t i l e  A b i t u m i n o u s  c o a l s ,  Y e  
l i r n i t s d  o u r  a t t e n t i o n  t o . s u c h  hvhh coals f o r  t h e  f i r s t  aFFroacn .  

B e f o r e  we can p o s t u l a t e  a k i n e t i c  scheme f o r  C o a l  ? y r o l ? s i s  we 
h d v e  t o  d e f i n e  t h e  c h 3 r a c t e r i s t i c  p a r a m e t e r s  o f  c o a l  p y r o l y s i s  and 
s p e c i f y  t h e  r a n g e  i n  w h i c h  t h e s e  p a r a u e t e r s  might  v a r y .  

; h e  p y r o l y s i s  of c o a l  l eads  t o  two g e n e r a l  pr0duct.s:  a) t h e  
v o l a t i l e  matter which n a y  D e  a i v i d z r l  i n t o  p i t c h ,  t a r ;  l i g h t  o i l ,  g a s e s  
a n d  c a r b o n i z a t i o n  w a t e r ,  and b) s o l i d  r e s i d u e  c o n p r i s i n g  coke or char. 
p i t c h ,  t a r  a n d  l i q h t .  o i l s  a r e  oEt.sn s i m p l y  lumped t o g e t . h e r  and c a l l e d  
tdrs. T h e  c a r b o n i z a t i o n  w a t e r  i n c l u d e s  t he  ammonia, The FrOdUCt g a s e s  
account '  f o r  e v e r y t h i n g  t h a t  is g a s e o u s  a t  s t a n d a r d  t e m p e r a t u r e  and 
p r e s s u r e ,  s u c h  as h y d r o c a r b o n s  ( s a t u r a t e d  and  u n s a t u r a t e d ) ,  hydrogen  , 
a n d  o x i d e s  of c a r b o n .  P i t c h  is a s o l i d  a t  s t a n d a r d  t e m p e r a t u r e  and 
pressure, b u t  s i n c e  it l e a v e s  t h e  r e a c t o r  a s  v o l a t i l e  matter, it is 
lumped i n  w i t h  t h e  t a r s .  

The v a r i a h l e s  a n d  t h e i r  t y p i c a l  r a n g e  t o  h e  c o n s i d e r e d  i n  t h e  
m o l e l i n g  o f  a c o a l  p y r o l y s i s  p r o c e s s  f o r  a q i v e n  c o a l  i n c l u d e :  

A) f i n a l  process t e r p e r a t u r e  ( ICCO C up t o  a b o v e  10PC C ) 
9) t h e  h e a t i n s  r a t e  or t e m p e r a t u r e  history of t h e  c o a l  ( ?Cis  

C/.sec up t.o 1 0 5  ~/sec, c o r r e s p o n d i n g  t o  h e a t - u p  times r a n g i n g  
from s e v e r a l  months  t o  as  s h o r t  as t e n  m i l l i s e c o n d s . )  

C) c o a l  p a r t i c l e  s i z e  ( 1 0 p m  u p  t o  s e v e r a l  nm ) 
D) pressure i n  t h e  r e a c t o r  ( 1 atm t o  SO atm ) 

' E) r e s i d e n c e  time of t h e  c o a l  a n d  t h e  v o l a t i l e  m a t t e r  i n  t h o  
reactor, which  is d e p e n d e n t  on t h e  t y p e  of t h e  r e a c t o r  (e.g. 
f i x e d  bed c o u n t e r - f l o w ,  e n t r a i n e d - f l ? w ,  etc.) and  t h e  r e a c t o r  
size. 

The r e s i d e n c e  time of t h e  pronucts  i n  t h e  reactor  is d e t e r m i n e d  
by t h e  b e d  d e p t h  a n d  t h e  flow r a t e  of sweep g a s  t h r o u q t  t h e  r e a c t o r .  
? h e  t e m p e r a t u r e  history of e'ach c o a l  p a r t i c l e  is d e t e r m i n e d  by t h e  
t e m p e r a t u r e  of  t h e  gas and t h e  p r e s s u r e  in t h e  r e a c t o r ,  as well a s  by 
t h e  c o a l  p a r t i c l e  sizs. However, f o r  o u r  p a r a n e t r i c  s t u d i e s ,  w e  ~ r l l  
s?' ,r- i fy  a c e r t a i n  h e a t i n q  r a t e  a s  an  i n i i e p e n d a n t  p a r a m e t e r ,  and  then  
the qas temperature a n d  t h e  c o a l  p a r t i c l e  s i z e  needed  t o  b e s t  
a c - o m p l i s h  t . h i s  t e m p e r a t u r e  h i s t o r y  c a n  b e  s e l e c t e d  s e p a r a t e l y  . 

A General R e f e r e n c e s  

T h e  p y r o l y s i s  o t  coal has received s u b s t a n t i a l  a t t e n t i o n  t o r  
d e c a d e s  b u t  u n t i l  a b o u t  15 y e a r s  ago  most a f  t h e  work was conce fnod  
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u i t h  c o a l  c a r b o n i z a t i o n  a n d  c o k e  p r o d u c t i o n ,  i.e. coa l  p y r o l y s i s  w i t h  
slov h e a t i n q  r a t e s  a n 3  long r e s i d e n c e  t i m n s  of t h e  s o l i d  m a t e r i a l  a n d  
t h e  v o l a t i l e s  in t h e  h o t  reactor [ 1 - 8 1. Y o s t  of t h i s  work was d o n e  
iii f i x e d  hed  r e a c t o r s  o r  i n  l a h o r a t o r y  r e to r t s .  The o b j e c t i v e  was t h e  
o y t i r r i z a t i o n  of  t h e  q u a l i t y  a n d  y i e l d  of c o k e .  E x t e n s i v e  u n d e r s t a n d i n g  
o f  t h e  s t r u c t u r e  of c o a l  and  of t h e  p r o d u c t s  of t h e  carbonizat ion 
process was o b t a i n e d  t h r o u g h  t h e s e  s t u d i e s .  

S e v e r a l  s t a n d a r d  l a b o r a t o r y  methods  were r l e v e l a p e d  i n  c o n n e c t i o n  
w r t h  t h e  p y r o l y s i s  p r o c e s s e s .  T h e s e  i n c l u d e  t h e  P i s c h e r  I s s a y  ( 
o r i g i n a l l - r  c a l l e d  t h e  F i s c h e r - S c h r a d e r  F.ssay, d e v o l o p e d  i n  1920 ) [ 451, 
t n e  Bureau of Y i n e s  - Pmcr ican  Gas h s s o c i a t i o n  Method [ 6 ] a n d  t h c  
Gray-Fing  Assay,  T h e s e  are used t o  d e t e r m i n e  c a r b o n i z a t i o n  p r o p e r t i e s  
a n d  the v o l a t i l e  matter c o n t e n t  of t h e  c o a l .  Z i l c h  e m F l o y s  s l o v  h e a t i n g  
rates u f t h  maxinua  t e a p e r a t u r e s  between SCq a n d  9CO C, w i t h  no s w e e p  
g a s  u s e d  t o  remove t h e  p y r o l y s i s  p r o d u c t s .  AS a r e s u l t ,  n o n e  of t h e s e  
can p r e v e n t  s e c o n e a r y  r e a c t i o n s  between t h e  v o l a t i l e s  and t h e  c o k e .  

f o l l o v i n g  t h e  d i s c o m y  i n  1960 by L o i s o n  a n d  C h a u v i n  [ 9 ] Mat  
r a b i d  h e a , t i n g  of t h e  c o a l  results i n  a h i g h e r  v o l a t i l e  y i e l d  t h a n  
e x p e c t e d  a n  t h e  h a s i s  of an l S T B  p r o x i m a t e  a n a l y s i s  ( 40 1. nep coal 
p y r o l y s i s  n r o c e s s e s  hare b e e n  s t u d i e d  a n d  a b e t t e r  u n d e r s t a n d i n g  of 
ths p r o c e s s  h a s  b e e e n  a t t a i n e d .  

Studies of t h e  p y r o l y s i s  p r o c e s s  i n  p u l v e r i z e d  coal f l a m e s  h a v e  
y i e l d e d  i n f o r m a t i o n  o n  t h e  e f f e c t s  of r a p i d  h e a t i n g  r a t e s  10 - 1 3  1. 
S n s l l  p a r t i c l e s  ( < l n O p m )  a n d  h e a t i n g  ra tes  up t9 5. * l C C T C / s a c  were 
us?d  i n  t h e  r e p o r t e d  t e s t s .  f l e a n u h i l a ,  i n t e re s t  i n  c o a l  correr~$esr mas 
q r t w i n g  at t h i s  time ( mid 1360's) and the  o b j e c t i v o  was neu t o  
i i x i m i z e  t b e  t a r  and qas y i e l d s  ( 1 4  - 17 1. T h e s e  pracasssn &re  
c x a r a c t e r i s m t  by r e s i d e n c e  times of t h o  p r o d u c t  gases of 1- tban 1 
n i n u t e  a r d  h i v h  h m t i n q  r a t e s  of t h e  coa l  p a r t i c l e s .  The -1 is 
i a v o l a t i l i a o d  i n  f l u i d i z e d  b e d s  o r  e n t r a i n e d  beds and  a carr iar  gas is 
u s e d  t o  r a q i d l y  sweep t h e  v o l a t i l e s  o u t  o f  t h e  reactor .  

Seve ra l  a u t h o r s  h a v e  p r e v i o u s l y  p r o p o s e d  d i f f e r e n t  r a e t i o n  
schgmes t o  d e s c r i b e  t h e  k i n e t i c s  o f  coal p y r o l y s i s .  J u s t  as i n  t h e  
q o n e r s l  l i t e r a t u r e  o n  c o a l  p y r o l y s i s ,  t h e s e  m o d e l s  can b e  d i r i d r d  in to  
tua c l a s s e s  : 
a) Eodpls for  s low p y r o l y s i s  : hea t . i ng  r a t e  less t h a n  13-' C/sec or 
h u  f i n a l  t e m p e r a t u r e  ( < 69G C) 
5 )  Y o d e l s  for  f a s t  p y r o l p s i .  : h e a t i n g  r a t e  h i g h e r  t h a n  1 0 0  c/rsc and 
hLqh f t h a l  t e m p e r a t u r e  ( > 69C. C )  

P r o b a b l y  t h e  f i r s t  c h e m i c a l  model  i n  terms cf a c o m p l e x  of 
c h e m i c a l  r e a c t i o n s  was f o r m u l a t e d  b y  v a n  K r e v e l e n  et .  a l .  i n  1956 
( 1,3] .  They p r o p o s e d  t h e  f o l l o w i n g  o v e r a l l  scheme: 

I C o k i n g  C o a l  - H e t a p l a s t  
Ii n u t a p l a s t  - Semi-coke + P r i m a r y  Vola t i les  
i:I S m i - c o k e  - Coke + S e c o n d a r y  Gas 

I .  
':.ey did n o t  i n c o r p o r a t e  any s e c o n U a r y  r e a c t i o n s ,  a l t h o u q h  t h e i r  

ex p p r i u m n t a l  d a t a  Were from slov c a r b o n i z a t i o n  processes, u h e r e  
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s e c o n d a r y  r e a c t i o n s  c e r t a i n l y  o c c u r .  Van K r e v e l e n  p r o p o s e d  t h i s  scheme 
a s  a 1' m a t h e m a t i c a l  model 11 w i t h  many s i m p l i f i c a t i o n s ,  b u t  w i t h  t h e  
p o t  e n t i a 1  t o  e x p l a i n ,  a t  least  q u a l i t a t i v e l y ,  many o f  t h e  phenomena 
o b s e r v e d  i n  a c a r b o n i z a t i o n  p r o c e s s .  H i s  ma in  c o n c e r n  was t h e  
s o f t i n i n q  o f  t h e  c o a l ,  w i t h o u t  b e i n g  as c 3 n c e r n e d  w i t h  p r e d i c t i n g  
y i e l d s .  He assumed f i r s t - o r d e r  r e a c t i s n s  w i t h  an A r r h e n i u s  t y p e  Kate 
l aw.  ~ s c a u s e  o f  t h e  s i m p l i c i t y  o f  t h i s  model, i t  q a v e  o n l y  q u a l i t a t i v e  
c a s u l t s  and  was a p p l i c a b l e  o n l y  t o  a s m a l l  t e m p e r a t u r e  r a n q e  a n d  low 

. h e i t i n q  r a t e s .  

H i l l  a n d  Wiser a t  t h e  U n i v e r s i t y  of Utah [ 18,19 ] c o n d u c t e d  a 
s e r i e s  o f  l o n g  d u r a t . i o n  ( u p  t o  10 h o u r s  ) ,  l > w  t e m p e r a t u r e  p y r o l y s i s  
e x p e r i m e n t s .  T h e y  o b s e r v e d  th ree  r e q i o n s  w i t h  d i f f e r e n t  r e a c t i o n  
or lers .  I n  t h e  f i r s t  60  m i n u t e s  t h e  r a t a  of t h e  r e a c t i o n  was 
a p p r o r i m a t e l y  o f  t h e  s e c o n d  o r d e r .  T h i s  p e r i 3 d  was f o l l o w e d  by  a f i r s t  
o r d e r  p e r i o d  f o r  a b o u t  1@0 m i n u t e s .  The l a s t  r e g i o n  was  f o u n d  t o  be 
z o n t r o l l e d  by  a zero o rde r  r a t e  law. T h i s  s e q u e n c e  was i n t e r p r e t e d  i n  
terms 3f s i x  c h e m i c a l  r e a c t i o n s ,  t h a t  h a v e  been  f o r m u l a t e d  w i t h  
m l e c u l s r  compounds. T h i s  mechanism is b a s e d  on e x p e r i m e n t a l  d a t a  f o r  
o n l y  t h e s e  s l o w  pmcesses, and i t  is n o t  a p p l i c a b l e  t o  f a s t  p r o c e s s e s .  

B a r k o w i t z  C R ] o b t a i n e d  s i m i l a r  d a t a  for slow e x p e r i m e n t s  and 
c 3 n c l u d e d ,  t h a t  f o r  t h e  c o n d i t i o n s  of h i s  e x p e r i m e n t s  t h e  r a t e  
d e t e r m i n i n g  s t e o  o f  t h e  p y r o l y t i c  r c n c t i 2 n  was t h e  d i f f u s i o n  o f  t h e  
v o l a t i l e  m a t t e r  out. of t h e  c o a l  p a r t i c l e .  La ter ,  however ,  P i t t  [ 5 ] 
u s e d  h i s  own e x p e r i m e n t . a l  d a t a  a n d  t h e  d a t a  3f B e r k o v i t z  t o  s u p p o r t  a 
zhemical model .  P i t t  i n t e r p r e t e d  c o a l  a s  a m i x t u r e  o f  many componen t s  
t h a t  c p n  decompose i n a e p e n d e n t l y ,  f o l h w i n q  a f i r s t  o r d e r  r e a c t i o n  
w i t h  a w i d e  d i s t r i b u t i o n  o f  a c t i v a t i o n  e n e r g i e s .  U n f o r t u n a t e l y ,  P i t t  
iil n o t  d e t e r m i n a  t h e  w e i g h t  l o s s  d i r e c t l y ,  b u t  u s e d  t h e  r e m a i n i n q  
v o l a t i l e  m a t t e r  i n  t h e  c h a r  as a m e a s u r e  o f  t h e  d e g r e e  of 
d e c o m p o s i t i o n .  P u r , t h e r r n o r e ,  he  u s e d  a f i x e d ,  a r b i t r a r y  f r e q u e n c y  
f a c t o r .  o f  1.6.11)13 sec-' i n  t h e  k r r b e n i u s  f o r m u l a  t o  d e t e r m i n e  t h e  
d i s t r i b u t i o n  of  t h e  a c t i v a t . i o n  e n e r g i e s ,  which  o f  c o u r s e  is  a n  
a r b i t r a r y  c o n s t r a i n t  t h a t  a f f e c t s  t h e  n u m e r i c a l  v a l u e s  of t h e  
a c t i v a t i D n  e n e r g i e s .  

Between 1960 and 1970, Peters and J u e n t q e n  e t . a l .  a t  t h e  
Be rgbaufDrschung  G m b H  i n  E s s e n ,  Germany [ 2,20,22,23 J d i d  some 
extensive s t . u d i e s  o n  t . h e  g a s  r e l e a s e  o f  h y d r o c a r b o n s  d u r i n q  v e r y  slow 
c a r h o n i t a t i o n .  T h e y  found  t h a t  t h i s  g a s  r e l e a s e  can b e  modeled by many 
p a r a l l e l  f i r s t - o r d e r  s i n s l e  r e a c t i o n s ,  i . e .  by a f i r s t - o r d e r  r e a c t i o n  
complex  w i t h  d i s t r i b u t e d  a c t i v a t i o n  e n e r g i e s  a n d  f r e q u e n c y  factors .  
T h e y  p o s t u l a t e d  t h a t  t h e  g a s  release o c c u r s  i n  a s e q u e n c e  of t h e  
f o l l o w i n g  f 3 u r  s t e p s  22 1: 

A)  t h e r m a l  a c t i v a t i o n  of t h e  c o a l  s u b s t a n c e  ( e q u i l i b r i u m  

9 )  u n i m o l e c u l a r  react i o n ,  bond s c i s s i o n s  and f o r m a t i o n  of 

: I  r e a c t i o n  o f  two r a d i c a l s  t o  f o r a  a s t a b l e  m o l e c u l e  
D) f l i f f u s i o n  Of t h e  m o l e c u l e  o u t  o f  t h e  p a r t i c l e  

f i g u r e  1 is a s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h i s  p r o c e s s .  The 
a r o m a t i c  r i n g  u i t h  a l i p h a t i c  s i d e  c h a i n s  r e p r e s e n t s  t h e  coal 

r e a c t  i o n  ) 

r a d  i c a  Is 

i 
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s t r u c t u r e .  

B e s i d e s  t h e s e  models  t h a t  d e a l  o n l y  w i t h  slow p r o c e s s e s ,  some 
m33els h a v e  b e e n  d e v e l o p e d  t h a t  c a n  b e  a p p l i e d  t o  a f a s t  p y r o l y s i s  
p r o c e s s  ( h e a t i n q  rates 5 0 0  C/sec a n d  u p  ) .  

K o b a y a s h i  [ 2 0  ] u s e d  t h e  dat .a  I f  Kimber and Gray  [ 1 3  ] and 
B a d z i I c h  a n d  Hawkslny [ 11 ] t o  d e v e l o p  a k i n e t i c  model  for t h e  r a p i d  
l e C o m p 3 s i t i o n  o f  p u l v e r i z e d  coal p a r t i c l e s .  H i s  mechanism c o n s i s t e d  of 
two c o m p e t i n g  f i rs t .  o r d e r  r e a c t i o n s  : 

i) 

c I- ( 1 - x,) si + XI v, 
c & ( 1 - Xa)  s, + x 1  v2 

The k i n e t i c  v a l u e s  a n d  t h e  h e a t s  o f  r e a c t i o n  for t h e s e  two 
r e a c t i o n s  a r e  g i v e n  i n  T a b l e  T ( S t i c k l e r  e t .a l .  f o u n d  l a t e r  i n  h i g h  
t s n p e r a t u r e  e x p e r i m e n t s  t h a t  t h e s e  h e a t s  o f  reac t ions  a r e  
o v e r e s t i s a  e d  1 .  T h i s  mechanism is a p p l i c a b l e  o n l y  for h i q h  h e a t i n g  
r a t e s  ( loi C / s e c )  a n d  h i g h  t e m p e r a t r u e s  ( > 1000 I( ) :  i t  d o e s  not f i t  
t h e  s l o w ,  low t e m p e r a t u r e  p y r o l y s i s  d a t a .  

Very r e c e n t l y  S t i c k l e r  n t . a l .  [ 25 ] a p p l i e d  t h i s  s c h e m e  t o  model  
t h e  q a s i f i c a t i o n  o f  p u l v e r i z e d  c o a l  i n  h o t  c > m b u s t i o n  g a s e s .  They  
arfded a p h y s i c a l  gas flow and hea t  t r a n s p o r t  mMel,  so t h a t  t h e y  were 
i b l e  t o  c o n s i d e r  t h e  h e a t - u p  of p a r t i c l e s  of d i f f e r e n t  s i z e  classes. 
They u s e d  t h i s  model  fo r  c o m p a r i s o n  w i t h  e x p e r i m e n t a l  r e s u l t s  fo r  v e r y  
h i q h  h e a t i n q  rates ( 1 0 5 C / s e c  ) a n d  h i g h  f i n a l  t e m p e r a t u r e s  ( 1700  K - 2350 R ) .  I n  t h i s  l i m i t e d  r a n g e  of o p e r a t i n g  c o n d i t i o n s  t h e y  o n l y  
had  a few e x p e r i m e n t a l  p o i n t s  to c h e c k  t h e  a c c u r a c y  of  t h i s  scheme.  

Anthony w r o t e  (1974)  h i s  Ph.D. T h e s i s  on t h e  k i n e t i c s  o f  coa l  
p y r o l y s i s  and h y d r o q a s i f i c a t i o n  [ 26 1. H e  c o n d u c t e d  e x p e r i m e n t s  o v e r  
a t e m p e r a t u r e  r a n g e  o f  UO3 C t o  1 0 0 0  C a n d  w i t h  h e a t i n g  r a t e s  v a r y i n g  
f r o m  l o a  t o  10' C/sec. H e  f o u n d  t h a t  t h e  w e i g h t  l o s s  d e p e n d s  on t h e  
f i n a l  t e m p e r a t u r e ,  b u t  not o n  t h e  h e a t i n g  ra te ,  T h i s  l e d  him t o  
c o n c l u d e  t h a t  t h e r e  a r e  no c o n c u r r e n t ,  w i d e l y  d i f f e r e n t  c o m p e t i t i v e  
r e a c t i o n s ,  Ae therefore  p r o p o s e d  a m u l t i p l e  react ion model  v i t h  a 
s t a t i s t i c a l l y  d i s t r i b u t e d  a c t i v a t i o n  e n e r g y ,  but. w i t h  a cons t an t  
f r e q u e n c y  factor .  For a b i t u m i n o u s  c o a l  h e  d e t e r m i n e d  E = 32.7 - U l . 1  
kca L/mole a n d  sl = 2 . 9 1  1 O s  sec'* a t  1000 p s i a .  R e  a l s o  i n t r o d u c e d  
s e c o n d a r y  d e p o s i t i o n  r e a c t i o n s  for a ti r e a c t i v e  p a r t  of t h e  v o l a t i l e  
m a t t e r ,  which  c o m p e t e  v i t h  t h e  d i f f u s i v e  e s c a o e  3f t h e  v o l a t i l e s .  H e  
d e t e r m i n e d  t h e  r a t i o  of t h e  r e a c t i o n  r a t e  of t h e  s e c o n d a r y  r e a c t i o n s  
t o  t h e  o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  from e x p e r i m e n t a l  results and  
d i d  n 3 t  i n v e s t i g a t e  these d e g r a d a t i o n  reacti3ns i n  d e t a i l .  N e i t h e r  
Rnthony n o r  K o b a y a s h i  , however ,  made a n y  d i s t i c t i o n  b e t w e e n  t a r  and  
q i s  i n  t h e  v o l a t i l e  matter. 

The n u m e r i c a l  v a l u e s  f o r  t h e  k i n e t i c  p a r a m e t e r s  of t h e  r e a c t i o n  
scheme ( a c t i v a t i o n  e n e r q i e s ,  f r e q u e n c y  factors ,  a n d  s t o i c h i o m e t r i c  
c o e f f i c i e n t s  ) p r o p o s e d  i n  t h e  p r e s e n t  s t u d y  were d e d u c e d  i n  p a r t  h y  
f i t t i n g  t h e  t h e o r e t i c a l  p r e d i c t i o n s  w i t h  r e l e v a n t  d a t a  r e p o r t e d  i n  t h e  
literature. I n  t h e  p r e s e n t  s t u d y ,  a t t e n t i o n  h a s  b e e n  c e n t e r e d  m a i n l y  



/ 
% a r k  Doze by  QaAzioch  and  !ia!.;i.r;lcy a t  t h e  E r i t i . s h  Coal " , 7 

3 t i l i s a t i o n  6 c s c a r c h  % s o c a t i o n  (?c[:>ri ) ' 

I > -  - d i r z i ~ c k :  a and uawksley s i m u l a t e ?  t h e  c o n d i t i o n s  i r ,  a ? u l v n r i z e d  
c a z 1  t laaie ,  i . e .  h i g h  h c a t i n q  r a t a s  ( 2 S P ; c .  - 5?*C?1?. C/sec ) an3 h iq t?  
t c m p e r a t u r c s  ( C - 0 5 0  C ) .  mhev U R ~ T ?  pulverize:! c o a l  u i + . h  a nsan 
p . ~ r c i c l : >  s i z c  or  afrorit 2n+m . T h e  e x p e r i m e n t s  wcre c a r r i e r !  o l i t  f o r  
t .!n i i i f f i ' r e n t  c o a l s ,  f r o r  which vc ckose c o a l  D , v h i c h  is a n  hv>..h 
c o a l  ' x i t h  a c o a L J o s i t i o n  s imilar  t o  t h a t  of c o a l  ? o o r s t  LecFold  u s c d  by 
?et .ar-;  a n d  J u e n t q n n .  

7k.c +xL;e r i aen ta l  a p p a i a t u s  v a s  a lamira i  f lo:{ f u r n a c e ,  ~ri;iich vas 
F.:.;lted t o  the  d a s i r e d  t c m p e r a t . u r e  a n d  t .hrouqh v h i c h  a p r e h e a t . ? &  flow 
s f  n i t r o q e r .  was b l o u n .  "'he c o a l  vas t h e n  i n j e c t . ? d  tcqet.her i J i t h  s o m  
col4 r i i t i o q e n  ( i n  a dilate f l o w  ) i n t o  t h e  h o t  main g a s  stream. '?re 
i i s r l t - l : D  o f  the  c o a l  ? a r t i c l e  was r a t e - c o n t r o l l e ?  by t . h?  !ni::inq of t h o  
c o l f  anr', t k . c  k o t  gzses, u h i c k  vas found  t.0 take a p p r c x i n e t . e i y  2 p  Z S E C  
( f o r  20  ,F n ? a r : L i c l e s ,  t h e r m 1  e q u i l i b r a t h n  i n t e y n a l l y  is f a s t  
c a i ~ ? . r e ?  w i f h  t h c  f l u i d - r c c h a n i c a l  n i x i n g  r a t e  ) . ?!le c o z l  particles 

d .  L ~ s - ~ r x ~  -,.., f m m  the. i n  jnctor. " h i s  d i s t a n c e  c o n t r a l l n d  t h e  i .>si?t?r?cn 
ti?? o f  :'.e p d r t . i c l * s  i n  t h e  E u i n a c e .  T h e  w3Lght loss !:as 6cter3ir .c?? 
b y  a n a l v s i n c ;  the s o l i 6  r e s i d u e  w i t h  respect t o  t h e  a s h  c c r . t z 2 t  acad t h e  
p r o x i n a t . e  v o l i i t i l e  m a t . t e r .  

v e ~ e  c o l l e c t e d  and ra Fidly quenchGd a f t e r  t r a v e l l i n g  a p x d e t ? r r i : ? C ?  ..! 

? u a l i . t i i t . L v e  c e s i i l t s  a r e  ; 
.: ) T k c  d - v o l a t i l i z a t i o n  profiiict:? a r e  r icher  i n  tdrs f o r  t h i s  

f d s t  ;irocess tha r :  f o r  a nlo:: p y r o l y s i s  [ : D  J .  
2 ) :he v c i : i h t  loss c x c e o d + d  t!l-? n r o x z s a t c  v o l a t i l c  :: .attar >y a 

f i i c t o i  3t ' . 3  - 7 . 3  , d e p e n d i n g  on t . h e  c o a l  r a n k .  
) FVsi;  t h O U q h  t h e  ue iqh t .  l o s s  c u r v e  l e v e l o n  o f f  a f t e r  2So:it  18';: 

mscc ( d e p E : : d i n g  on t h e  t e m e i a t u r e  ) some r e s i d u a l  v o l a t i l e  m a t t e r  
' J i i S  fsi:nd i n  t .h2 c h a r .  

1 
\ - .  . ~ s y  veri! a s l e  t o  f i t  t h e  e x p e r i r x n t % 1  r e s u l t s  ! ~ i t . h  a 2  e m p i i i c a l  

1 
r z l a t i o r .  f o r  t t a  ! e i g h t  loss as a f u n c t i o n  o f  t i m e  and t e r p s i a t u r e  : 

\ 
tiia h e a t - u p  p e r i o d .  T h e  t i m e  s c a l a  u s e d  i n  t h e  e q u a t i o n  t h e r e f o r e  t 

h c d e vo 1 a t. i li z a t  i CI: c u r v e s  s ho !+ t. ?. a t  d pvo 1 a t  i 1 i z  2 t i ar? s t a  r t . s  
;i:iout 2:: IBSW a f t e r  the i n j e c t i o n ,  i .e .  a p p r o x i m a t e l y  zt thc and O S  
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4 . ,' 

? h i s  e q u a t i o n ,  w h i c h  was d c r i v e ?  f o r  3 f i r s t - o r d c r ,  ; , r z? : ? .n iu~  
c y n s  r a t e  l a u ,  q i v e s  a l i n e a r  r e l a t i o n  b e t w e e n  l n ( r n / ~ Z )  2r.d i / ~ ~ ,  if 
C ~ H  r c i i c t . i nn  mechanism r e t a i n s  + h e  sane 3vcr a c e r t a i n  rilrlqp of 
h,.ot.ing r a t e s .  

J 
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Thn r;!ain r e s u l t s  C B E  b e  s u r n r a r i z e d  as  f o l l o v s :  
A j ?or a l l  h y d r o c a c h o n s  a l i n e a r  r a l a t i o n  b s t ; i c a n  1 n ( i ? / T r 2  ) &?:: 

l/-,,., was found over the  vho la  rengc o f  h e a t i n g  r a t e s  t h i i t  '.:AS 

p r o E u c t i o n  o f  t h e s e  species does n o t  c h a n g e  for  these h e a t i n g  i 2 t i s  
3% 1 r .gf i?crs t .urcs .  

3 ) T h e  b e s t  f i t  o f  t h e  c x p e r i r e n t a l  y i e l d  v e r s u s  t e r w r a t u r e  
zurv6:s f o r  t h e  h i o h o r  h y d r o c a r b o n s  ( C2 a n 3  !IF ) was o?,talne*. :-y 
u s i r c ~  a. r a t e  law v i t h  a d i s t r i h u t s d  a c t i v a t i o n  enerqy a7.G f raci!cncy 
f d c t o r  ( r e a c t i o ?  c o x p l e x  ) .  It  v a s  i l s o  p q s s i h l e  t o  o t t + i n  k i n e t i c  
v a l u c s  f o r  the c a s e  o f  a s i n q l e  r a a c t i o n  (fiiscret-? a c t . i v a t i o n  ~ ? n e r 7 y ) ,  
"ut. there  th.a agrreelrcnt. b e t w o e n  t h e  a x p e r i s a n t a l  and t h e  t h o r e t i c a l  
c u r w s  v a s  n o t  a s  good as f o r  a r e a c t i o n  complex .  

: . = s i d e s  t h e s .  two m a j o r  works ficne at. CCU?.A and "I?, i n f o r m a t i o n  
f r n ~  oTti : r  p u S l i c a t i o n s  b a s  b e e n  used t o  o b t a i n  a k t t e r  p i c t u r e  of 

butvuer .  d i f f e r e n t .  p a r a m e t e r s  ( see s e c t i o n s  rl anc? 9 ) .  

i n v c s t i q a t e d .  T h i s  led t o  t h e  c o c c l u s i a n  t h a t  th-3 z e c h e I l i s n  f o r  t :,e 

.._ 
C '  ;xocess an2 t o  j u s t i f y  c e r t a i n  numbers  o r  c e r t a i n  r e l a t i o n s  

- .  - : : e  r e a c t i o n  scheme which  $re v a n t  t o  propos;! shoulr? tc? a n ? l i c a : , l o  

i . :&rmrt. i : i t  nara:.!.:<tcrs i n  r e a  Z c o n i s e r c i a ?  systH:Js. ? o l i o w i n i j  < r e  s o n s  of 
t ie ol;r;crvfd t r c n d s  w h i c h  shou ld  t;c r a f l c c t e d  i n  s u c h  a code:. 

:.) Y i e l d s  o f  v o l a t i l e  m a t t e r  i n c r e a s e  w i t h  i n c r e a c ? d  f i n a l  
z a t u r v  o f  t h o  p r o c e s s  [ 2 6 , 2 7 , 1 5  3 ,  
2 . )  Yicl?.s o f  v o l a t i l e  matter i n c r e a a o  v i t h  increasi!:c) k e a t i n g  

Z . )  Slow h e a t h y  ra tes  ( c a r b o n i z a t i o n  p r s c c s s e n )  ; r ie l - l  l a s s  %ai 

u.) I n c r e a s i n q  had h e i s h t  i n  8 f i x e d  hcd  r c a c t o r  decrcilsgs t h e  

5.) Tar v a p o r s  can b e  cracker l  a t  t e m p e r a t u r e s  above 63.7 : 

O V ~ T  c wi<e r a n q e  o f  p a r a m e t e r s ,  r e p r e s e n t i n g  i f  poz;s:ole . .  a l l  

i""clr; [ l C ~ , I ~ , l 2 , 1 6  1, 

tLhn  f a s t  d c v o l z t . i l i z a t .  i o n  n r o c e s s c s ,  

y i ? l d  o f  volatile matter [ 0,28 1, 
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\ 
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:r is p o z s i k L c  t,L.at i t e ! x  ( U )  a t 6  (5 )  F ?  n : i r t ,  r r L t , : t  'CCJ 

L C ~ I ~ S  ( ' I ) ,  ( 2 )  , a ~ ?  ! 3 ) ,  b u t  t!:ere ? c y  Se a d c F t . i o n a 1  f ; i i cYoiZ  : i O t  
~ . * . c o ~ p a ~ s e f i  b y  the e a r l i e r  rmted  t ror lPs,  v h i c h  canse  t t * < ! S e  :laCZO.-iCC:)iC 
-.r.-:ncis. ? h e  s f f e c t s  . ( k ) ,  (5), + r . i  (7) a r e  a r ~ s u i ? .  o f  t?ic: i : - . c . ~ ~ l ~ : !  
:,.e+ iicc?:i ch.-\mic.i i  k i n e t i c s ,  h e t t  and  ? A S S  t r e n s p o r t .  
C i : i i ?  f l o w  procc:;se.s. Tr! t h e  DrU3:. an4 297 works, t 
ci?.imizc.i :  i n  t h e  d c s i 7 n  of  t.be p y r o l y s i s  experinlent 
: i r i ng  out. p a r t i c u l a r l y  t h e  p u r e l y  c i e n i c a l - k i n e t i c  i - ? s u l t S ,  
(11, (21, ( 3 ) ,  and ( 5 ) .  

Car  first attr:! i iI>ts have  been  f i i r e c t e d  t .ovard  s i m u i a t i n q  mor;:. of 
t k . . ?  ii!mve r:otc?d t r e n d s  or c h a r n c + . e r i s t i c s .  T h c  r e a c t i o n : ;  x i i l  be 
0 D r l u l ~ i t e d  ' i n  terms o f  q c n e r a l i z n d  coii:pounds, x i c i l a r  t o  v7.n 
i c ( ? v c l c ; i l s  s c h t i ! n . ? ,  w h i c h  d i d  c o t  a t t e m p t  t o  s p e c i f y  t h e  c h e m i c a l  
c o n n t i t u c n t . ~  o f  oacii  t .yFe of F r o d u c t .  

Pascd  J;I  ti ir?n% f i n d i n q s  anti v a r i o u s  v Q ? i q h t  l o s s  curvi;:: r<::io:tc::i 
i n  titi;. li: . ,!rat.ure, a qene rc l l  kin(1t ic :  ..:ch(:n? for c o a l  pyro1y: ; i : j  c a n  i i r?  
~~os t .u l .a t . c r !  < T a r ~ l e  IJ ) . Fven t . h i s  schomc, more  c i a h n r a t s  t h d n  t h a t .  of 
van K r e v e l e n ,  c a n  o n l y  h e  a v e r y  s i i o p l i f i e i ?  o i c t i i r e  of  !-he rehl  
? r o c o s s ,  d u e  t.0 t h e  l i m i t e d  n u z b e r  of r e a c t i o n s  and  of c lass '?s  of 
p r0duc t . s  and  :eact.a.nts. 

= /  - L I L  scbeina c a n  50  d i v i d e t l  into f i v e  main p a r t s :  
5 . )  & c t . i v a t i o n  s t i? .~ . (  r e a c t i o n  ) : The c c a i  m o l c c u l e  is 

d c t i v a t e d ,  bond s c i s s i o n s  w i l l  o c c u r ,  and r a d i c a l s  and- s z a l l n r  
t;2.;xc!iits of t h . ?  o r i q i r a l  c o a l  s t ruc tu re  a r e  ?reduced. 

2 . )  P r i m a r y  d e c o m p o s i t i o n  ( r e a c t i o n s  2 - 5 ) : . t h e  acti-vitc.? 
c:>.i1 unc!argocs f u r t h p r  r e a c t i o n s  ( a r l 4 i t i o n ; l l  bond krea:.:i:;:, r a d i  c&l  
r a c o m b i n a t i o a  r m c t i o n s ,  . e t c .  ) t o  f o r n  t h e  n r i rna ry  v o l a t i l e  mar.::c!r 
( p r i o a r y  t a r  and  p r imorv  gas ) .  

3. )  D o a c r i v < ? t i o n  z t r?~ ,  ( r e a c t i o a  6 ) : !t lo!$ t::q?qrat::rr-:>, ::t,::.zc 
?.!.e p r i o a r - y  c!,icor-m:;i'rion r e a c t . i o n s  ilrc s?.iil v c r y  k;lnv, r1,i:t 0: +.:la 

n l  :nay d e a c t i v a t . c  a q a i n .  T h i s  d s a c t i v a . t . i o n  : r i l l  p:oba;:1;~ 
y t h o  reverse r e a c t i o n  t o  *.he a c t i v a t i o n  s t e p ,  sir.co i t  is 
L y  t : l i . + . ,  o n c e  t h e  coT:) lcx  c o a l  s t r i i c t i i z e  is hrc :kan  u ? ,  t.:x 
11 r n c o r h i n e  t o  oxac+ . lv  t h ?  s a m  st!: i icture.  Pra!:ah;p +.?.e 

. !z~. ic t ivetr!!  c o a l  w i l l .  have  d more s t a b l e  s t r u c t u r e  t k n n  t:;a o r i c j i r . a l  
co;?l. 

4.)  R e a c t i o n  7 an?  r e a c t i o n  A : t h n  l i q u i d  n r i n a r y  t a r  ?.as t::o 
r n u t a s  t.0 go. I f  s u f f i c i e n t  h e a t  is  s l i p p l i e d  it c a n  v a p o r i - c  ( ic.si3.e 

vc l : i o r i za t ion  rd t r : ,  i s  v e r y  s l o v ,  * h e n  t.he l i c n i d  p r i r a r y  t a r  ( ! 

i.; n o t  a v e r y  z t a 5 l o  m o l e c u l e  ) c a ~  follov t h e  c 0 m p e t . i r . q  r e a c t i o n  7 
a:.:? y L y ~ ' : c r i r c  i p s i c ? e  t.tc p a r t i c l e .  "his  p o l y m e r i T z t i o n  v i l :  ? = o ~ a b ; y  
y i c l r !   SOT..^ s f c o n d a r y  ? a s  a s  wol? a s  auqixont t h e  c h a r .  

c , . )  G n s  pk1;lr.r: d a q r a d a t - i o n  ( r c i l c t i o n  9 and  1'1 ) : t:,t port.;c:? of 
t:~'> t a r  that .  has  v a p o r i z e d  a rd  d i f f ! i s ed  o u t  t h r o u g h  t.kL? c o a l  pori::;, 
c i n  u n d e r g o  s e c o p d a r y  dPcompos i ton  r e a c t i o n  i n  t h e  h o t  r e a c t o r ,  u n t i l  

- :  ... ;! nirrticli. o r  d t  the s u r f a c e  ) .  i f ,  h o v e v e r ,  t h e  hea t .  f l i ~ ~ ,  F.s. ttr! 

I ! 
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T h i s  q c ! n e r a l  scherr.e , h o x v e r ,  h a d  t o  be s i r n p i l f i e d  ir, ozrler to 
a s s i g r .  k i n e t i c  v a l u e s  t c  t h e  d i f f e r e n t  r e a c t i D n s ,  h e c a u s e  of  t t .2 
l i m i t . e d  e x p e r i m e n t a l  aata .  T h e r e f o r e  t h e  f o l l o w i n g  E i r ? I i f i c a t i o c s  
w f r e  i n t r o d u c e d :  

v e r y  ~ 2 ~ 1 1  p r i r t i c l e s  ( i . e .  p h y s i c a l  p r o c e s s e s  l i k e  h a s t  an.,: mass 
l i f t u s i o n  are n o t  r a t . e  c c n t . r o l l i n q ,  b e c a u s e  t h e  c h a r a c t e r i s t i c  
d i f f u s i o n  tiT:z, i s  s r r a l l ) .  
L ' n i f o ~ n  t e n p e r a t u r e  t h r o u g h o u t  t he  p a r t i c l e  . ~ n s t a n t a n e o u s  v a p o r i z a t i o n  ( i . e .  no d e c o m p o s i t i o n  i r ;  t!le l i q u i d  

y i rne  f o r  d e a c t i v a t i o n  nec j l i q i c . l a .  
-,base ) . 
T h i s  m a n s  t h a t  t h c  heat t r a n s f e r  3zd nass 6 i f f i : s i c n  proc?sscs 

a r e  s e t  a s i d e  i n  t h o  f i t t i n q  of our rrodel t o  t h e  av?Llr . ' . l .2  9at.a.  "ese 
s i c p l i f i c a t . i o n s  t i i l l ,  of c o u z s c ,  l i i i t  tie . : p ? l i c a i i l i t y  o f  t h e  
r e - ? u c e ?  k ino  t ic schema t o  c a s e s  i n v o l v i n g  m a l l  p a r t i c l e s .  

:hc last ;i:;si:mntion had to he na<e  f o r  t h e  fo2iorvii-.q reas3cs: The 
? a a c t i v a +  i o n  occurs c a i r l y  i n  lov temerdture  ? r ? c a s s c s .  Ir, t n e s e  
p r 3 c c ? s s p s ,  t h o  d e q r a d a t i o n  of t h e  l i q l l i d  t a r s  v i : i  ~ l n o  !ir 
. i p n r r ? c i a t r ~ c ,  Lecause t11e v a p o r i z e t i o n  ra t .?  v i 1 1  >+ S Z O Y .  ' 30th 
zc!act io?.s  o c c x  i n s i a c  t h e  p a r t i c l e  ?cd  .'.=!crease % h a  y i - ? l d  of  v a i a t i l e  
! n * t t e r .  T h e r e  a r e  no  expcrizcntz:  data  a v a i l a h 1 3  t h a t  :!oulC i n d i c a t e  
:lo.(: inuch  of t h e  r l c c r e a s e  i n  v o l a t i l e  :nattcr y i e l d  is  d u s  t o  a z y  of 
t h e s e  tiro r e a c t i o n s .  T h e r e f o r e ,  i f  ve n e g l e c t  ti..-? 1iC:uif ti,= 
r . o l : J m z r i z a t i o n  u e  w i l l  a l s o  have  t o  be c o n s i s t e n t  and c c g i e c t  the 
d s ? c t i v s t i o n .  

?he  G.:iov? a s s u m p t i o n s  lead to t h e  s i i n p l i f i e c ?  scheme  shown i n  

- 5 )  a c t i v a t i o r :  s t e p  
L )  n r i m a r y  d e c o r p o s i t i o n  t o  g a s e c u s  p r i m a r y  t a r  and  p r i m a r y  qas 

:) s e c o n d a r y .  d e g r a d a t i o n  of t h e  p r i m a r y  tar  i n  t h e  gqs ?!:ace 

Tr. t h i ?  r e m a i n n e r  o f  t h e  t e x t  the t e r m  p r i m a r y  d s c o m p o s i t i o n  

Ta!>le 7 x 7 .  T h i s  scheme consists of  t h r e e  p a r t s :  

( r e a c t i o n s  2 - 5 ) .  

( r e a c t i 3 r . s  6 - 7). 
q s n n r a l l y  w i l l  i n c l u d e  t h e  a c t i v a t i o n  s t e p .  
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& a c t i o n  1 : -------- 
I t  t h t  L e q i n c i r q  of  o u r  w o r k ,  s e v e r a l  rliffer,?.lnt. r e a c t i o n  s c h c n e s  

h a d  b e e n  formula t r?d  t h a t .  c o n s i s t e d  of  s e v e r a l  d a c o n p o s i t i c n  r a a c t i c n s  
( s i p ' i i a r  to r e a c t i o n s  Z - 5 ) ,  h u t  v i t h o u t  t h e  a c t i v a t i o n  s t e p .  T3.e 
k i n e t i c  ndmhers had  b e e n  s e l e c t c c '  t 3  f i t  % h e  SCrITB resur ts  [ i !  1. 
iiave'fer, i t .  c a s  founr? that .  t h e s e  scher res  c 0 u l . l  n o t  h e  appl ie : !  t o  slow 
c d c b o n i z a t i o n  processes v i t h  h e a t i n g  r a t e s  o f  In" C/sec a n d  slower, 
b x a u s e  i n  t h e  t h e o r e t . i c a 1  p r s d i c c i o n s  o f  t h e s e  slaw p r o c e s s e s  the 
c o a l  would t h e n  d e c o c F o s e  bet.ween ?ell C an3 22C C .  ?khzc is, t:-.c 
r e a c t i o r .  r a t e s  o F t h e  low a c t i v a t . i o n  e n a r q y  d e c o m p o s i t i o n  reac t ior - . s ,  
a d j i i s t b E  t o  t h e  f a s t  p r o c e s s e s ,  t u r n  o u t  t o  b e  much t o o  f a s t  at t h a s e  
lou t e n p e r a t u r e s .  

? h e r e f o r e  t h e  a c t i v a t i o n  s t e p  : ! i t h  a h i q h  a c t i v a ' i o r :  . ? n e r q ~  wrls 
u t r o c i u c e d .  T h i s  r e a c t i o n ,  i n t e r p r e t e d  as h n d - h r c a k i n c ; ,  ? z o v i l e s  an  
I n e r q y  b a r r i e r  €or p r o c e s s e s  a t  low a n d  mcdiua t e n p e r a t u r e s ,  ::c~le zt 
i s  no l o n g e r  r a t e  c o n t r o l l i n g  a t  h i g h  t o n p c r a t u r s s .  

----____ 5.eiict.ion 2 5 ~ 2  1 : 
i f t . e r  t!le r a v  c o a l  is c o n v e r t e d  t o  It r ia t iva t .ed  corll 11 , it. ,;in 

ii:id<:r,:o two d i f f e r e n t .  r a a c t . i a n s ,  dcnenr l inq  on tb:: tompr:ratur (? .  :>ne is 
1 ~ c  a c t i v a t i o n  c n n r q y  r c a c t i o n  Corminq t a r  ( r e a c t i o r .  2 ) ,  ncd ?.>-e 

ot!:,?r 1s i i  h i g h e r  a c t i v a t i o n  n c a r g y  r : m c t i o n  f o r m i n g  ?rLi . ! i i ry  ?as. 
l h e s n  rwo r e e c t i o c s  a l s o  prod!ice i n + e r n e d i a t . e  s o l i d s ,  5 ,  2 r . l  sZ , 
r a s a c c t i v e l y .  T h e y  h a 3  t o  h e  i n t r o d u c f d  h e c a u s e  i t  was f o u n d  b y  :~c.zy 
i n v n s r , i q a t o r s  tb .a t  t h e  r a t i o  o f  ~ ~ s / t a r  y i e l d s  il!cri-?a:;;s r i t h  
i n c r p z x i n r ;  tenperat .urc.  T h e  t a r  f o r s i n q  r n a c t i o n  mst h a v e  t h e  l o u - ? s t  
a c t i v a t i o n  er iorqg of a l l  r e a c t i o n s ,  s i n c e  t t i roughout  t h e  l i t e r a t u r e  
t h q  t s x  is r e p o r t e d  t o  t e  d r i v e r !  o f f  f i r s t  i n  a p y r o l y s i s  p r o c n s s .  
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j,e?%G?&SE 5 : 
I a d z i o c t  sne ! !a:rks ley  [ S l  7 f o u n d  % k t  e v c n  a t  cI5C C S C T B  v o 1 a t . i l a  

> a t . t e r  is l e t t .  i n  t t r  c o a l  z f t e i  1?0  iosec Hhich  c?.a '.e e:ri.v;:c o f f  t:;? 
c o a l  Sy a c o m p a r a t i v e l y  l o n g - d r i r a t i o n  p r o x i - a t ?  ~ ~ . ; - . L Y S ~ S .  ?:-.is 
v o l a t i l e  m a t t e r  remninec!  in t h e  c o a l  even wSen ths u e i , T ! : t  l o s s  c u z w  
:x:i?.sured i n  t t ?  h i g h  t r e p e r a t i i r e  e x p e r i s s n t  shove:? a c:'c.ar :evell<cq 
o f f  a f t e r  e b u t  U C  nsec .  Kimher a n d  Gray [ 1 3  j CT. 
b u n d  t t a t  no v o l a t i l e  p a t t e r  is left i n  t.he colts a f t c r  t.':c S G : : . ~ :  t i x e  
p e r i o 3 ,  u:.e:! chr?  d e c o r c o s i t i o n  te l rnorat . l l ra  was 1193 ?. ?:biz F . ? < i c a t e s  
t h a t  t h e r e  is a n o t h e r  h i g h  a c t i v a t i o n  energy r e a c t i o r .  that r ) ro2uces  
qss f ro in  a n  i n t e r m e d i a t e  s o l i d .  T h i s  is rnode l l ed  by r e a c t i c n  5 . 

~. 

in o r e c r  t o  f o r r r u l a t o  t t s  d i f f q r s n t i a l  e q u a t i o n s  t h a t  c'.escrihct 
t h e  d n c o e p o s i t i o n  a s  a € u n c t i o n  o f  time, %ic l a w  t o  . i e f i r . e  ti-..? o r d e r s  
of  the d i f f e r e n t  r e a c t i o n s .  I n  g e r s r a l ,  it v o u l d  have  bean p o s a i 3 l e  t.0 
r ' o r m l a t c  t.he e r r u a t i o n s  w i t h  nnknovn r e a c t i o n  o r d e r s ,  b u t  t h i s  *.:ou;d. 
havc  addad ernorrnous c o m p l e x i t y  to *.he e q u a t i o n s  and t.0 t h o  n n r r . a ~ i c a l  
sc!in?e t o  s 0 1 v z  thzrn. P o r t . u c a t e l y ,  t . h e r e  a c e  i c d i c a t i o n s  i r ,  the 
l i t . e r a t i i r e  t h a t  c a n  be used  t o  s e l ec t  t:?s r e a c t i o n  o r d e r s  i n  a3vancrt .  

5is3r et. al. r 79 1 o b s e r v e d  a c h a n g i n g  r e a c t i o n  oc.'-r f o r  . ... 
c e ? p + ; a t u r c  e x p e r i n p n t s  ( C,?O. C - 5C3. C ) ,  from secor .5  or.iar 2~ :i.p 
x ? i i . n i z q  t o  z ? r o  o r d e r  a t  t h e  end o f  t h e  e x p e r i n e n t .  C:. tkz ot:i.?r 
n x n ? ,  x a n y  i m c s t i g a t  c r s  s i i q g e s t e d  f i r s t  o r d e r  laws. ~.:cizioc:: 2r.C 
Yavks ley < 71 '] o h t a i n e ? ,  a v e r y  good f i t  o f  t h e i r  h i q h  t e n n c z a t u r e  
> x p a r i m n r s  w i t h  a s i n q l e  f i r s t  o r d e r  e T a a t i 3 r . .  ? e t . e r s  anr ;  ;ui?ctc;-.c 
f 3 .21  1, ?itt. [ 5 1, .I.nt.hony r 2 5  1, and Eennkack  [ 33 1 also -ncd 
t i r s t  o r d e r  e x p r e s s i o n s .  T h e y  i n t r o d u c e d  r e a c t i o n  cornnlexes Ii w i t h  a 
d i s t r i b c t e d  a c t i v a t i o n  energy  and f r e q u e n c y  f a c t o r .  
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IIi t h i s  r e a c t i o n  schemc we d i d  nDt u s c  d i s t r i b ~ ~ t r : ; !  a c t i v a t i o n  
+~: !~rq ic , s ,  i n  o r d e r  t o  kecp t h e  m a t h c s n t i c a l  p r o c e d u r e  s i % , p l o .  ! ! O Y ~ V C T ,  
i c  miqht. 5 2  v o c t h v h i l e  to i n c o r p o r a t e  t h e  r e a c t i o n  c o n p l c r e s  l a  t o r  f o r  
two r c a s o n s  : 

1 . ) Good il rf rer'rncn t. he t. wc n c x p (2 r in,,? n t a 1 C 12 r vr! :.: 
h ~ i s  L c ~ n  o; ! ta i r \ cd  by t h i s  method [ 21. 1. 

2 . )  Tli.\! i rrnqi i  l a r  c o a l  s t r i i c t i i z c  silqqcst:j s t r o n q l y  t l i r !  ii:oil:.? of a 
r t t nc t . i on  co inp le r  . 

an3 t h eo  r c! t i c a  1 

S i r l c c :  i n  ou r  t h p o r e t i c n l  model t . h e  p r o c e s s  a t  slow hc!? t . i n r !  ra!*es 
ai1~1/0r low t .einp<:ri i t t~rCs ( < f,?? C ) is controlled h y  the ; t c t i v a t i < J n  

.::t.r?p, t h i s  r e a c t i o n  was c h o s o n  t o  !;e OF' seconJ  o r d e r ,  ka.s(:ri on tL:. 
f i n t l r n q s  o f  Wiser e t . a l .  Thp other r e a c t i o n s  are  assurer! t o  t i?  of 
E i r , i t  or%er,  f o l l o w i n g  t h e  6 a t a  r e p o r t e a  for t h e  f a s t  p r o c e s s e s .  These 
3s: iuinpt ions ithoiit. t h c  o r d e r  o f  t h e  r e a c t i o n s  l e a d  tc t h ?  f o l l o u i n g  
s y s t e m  of' n o n l i n e a r  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s  f o r  t h e  p r i m a r y  
d e c o m p o s i t i o n :  

dC /dt = - k , 2  

dAC/dt .= k, C z  - ( k, + kJ ) AC 

dPT/dt = x1 k, p.C 

dS,/dt. = ( 1 - x,) k, A t  - k,, S, 

dS,,/dt = ( 1 - x 5 )  k 5  S2 

S i n c e  r c a c t i o n  1 is a s e c o n d  oraer  r e a c t i o n  %he syste.: is 
non? . inea r .  T t c r e f o r e ,  aver f o r  a c o c s t a n t  t e m p e r a t u r e  Froces:;, ::-&f.s 
s y s t e m  c a ? n o t  h e  s o l v e ?  a l g e b r i i c a l l y  i n  c lose?  forn;. '.. stco-..;is,? 
:i:ics? d i i f e r e n c e  s c h e m e  idas se lects3  t 3  s a l v e  t h e  syste i :  n n n r ? ~ i c ~ I l y  
L o r  Y g i v e r .  t e r p e r a t u r e - t i m e  c u r v e .  The S C ~ C P I S  is a n  i n ? l l c i . t  
in! r q r a t i o n  method t h a t  h a s  ???en d e v e l o p e d  s p e c i f i c a l l y  fcr ckcr ica l  
X i n o t i c  p r o b l e m s  ( i.e. s t . i f f  d i f f e r e n t i a l  e q u s t i o n s  ) 1 3(r 1. 7 %  
i i i t e q r a t i o n  method is o f  s e c o n d  0rdc.r .  T h e  error i n  e a c h  t i a e  s t e ?  is 
c a l c u l a t e d  u s i n g  t .he  r e g l e c t e t d  t h i r d  o r d e r  t e r n .  This e r r o r  i s  t!?an 
use!! t o  c o n t r o l  t h e  s t e p  s i z e .  P. d e t a i l e d  d e s c r i p t i o n  of t h e  n u m e r i c a l  
s c h e m e  is Given i n  ( 34 1. 

A s t o  i c h  i o  me t r ic Ccaf f ic i e  n t  s 

S i n c e  a l l  t h e  p r i m a r y  A e c o n p o s i t i o n  r e a c t i o n s  h a v e  a s o l i d  .IS the 
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3 ? , c t i v a t i o n  Zrrerqies a n d  F r e q u e n c y  ?actors 

Ic;;t,rLi;??r: 1 : 
:::is r e a c t i o n  is t h e  a c t i r a t i o n  step, w h i c h  prevents t h e  cas1 

€ C ~ ! P  kccomposing a t  low t e m p e r a t u r e s  i n  a slow b e a t i n ( ;  srocess. :'he 
r e a c t L n r .  i s  of second order, h e n c e  t .he  rate law has t .he  f0 i lowir .q  form 
( a c l i l i t i o n  3 ) :  

;:hen t h e  r a t e  c c r s t a n t s  were d n t c r m i n e d ,  r e a c t i o n  ? '*:m still 
conric:?r i?d t o  he of first o r d e r .  3i;t t h e  p r i n c i p a l  renson inq  f o r  

dr,?er e x p r e s s i o n .  n h e r o f o r s  t b e  d c r i v a  t i o n  of th.2 nuch..::; 11zi2~7 .: 
f:rst orde r  r d t e  law w i l l  !)e ; ~ r e s e n + s r :  h e r e .  ? h e  r ~ l s e z i c i i i  rcstilts 
siioh- t S a t  t k . e  c h a n q e  i r .  r e a c t i o n  o r d a r  d i d  n o t  r e q u i r e  a c h a n c e  of the 
Kinet ic  v a l u e s .  

The r e a s o n  f o r  s t a r t i n g  w i t h  a s y s t e m  of f i r s t  o r d a r  r e a c t i o n s  

L. h, . . - t i r . ing  .. t h e  k i n e t i c  va l i ics  502% n o t  c h a n g e  i f  wc: g o  tc 3 second 
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a d s  t o  si?:uliti{ ? , h e  r a t h e n i t t i c a l  p r o c e d u r e .  '?he s y s t c : ;  n-F or.i!:-.-.: .- r 
d i f f e r e c t  iul e n i i a t i o n s ,  t h a t .  2 c s c r i b c  t h e  ckan7c+r; i n  cr,:;ze:!&.r% t i o n r ;  
f o r  s u c h  a K,?aCti.nn sckcme, is l incar  azil t!iez.?r'ore c a n  i iS s s l 7 r . d  
i r i a l y t . i c a l l y  :or a c o r . s t a n t  t e rps ra t i : ra .  '?!lis thr:? r:zs h d i 7  i :  - 'A , .. 
i n  t e r m  of c o n p u t i n g  t i n e  and a c c u r a c y  of t.ne n u n l e r i c a l  r e s u l t s .  

c - r L, 

\ 

::s mcr::.ioner! e a r l i e r ,  r e a c t . i o r  ? h a s  t o  s a t i s f y  t.vo conCi t io : . s :  
A )  S e r v ~  as an  e n o r q y  b a r r i e r  t o  p reven t .  e a r l y  d e c o n c o s i t i o n  ( a i  
t e m p c r a t u r z s  < 2GC C ) for s l o w  ? K O C ~ S S G .  ( EB? d a t a  [ 2 , 2 ?  1 YJBS 
u s d d  t o  check  t h i s  ) .  
?) Fliqh r e a c t i o n  r a t e : ;  c t  t . eT .?e ra tu re s  a b o v e  65C '3, t o  O ~ ~ O V  ;<st 
p r o c e s s e s  l i k c  t h e  :CY? ?. e ~ p c ~ i ~ e n t s .  

Using  h a s i c  k i n e t i c  p r i n c i p a l s ,  Dezers e t . a l .  [ ? ?  1 r i ; x iveq  s. 
f o r m u l a  f o r  t h e  q a s  release of a t h e r m 1  d 3 9 r a c a t i o 3  r e a c t i o n  ( f o r  
= o n s t a n t  h e a t i n q  r a t e  and a f i r s t  o r d e r  r a t e  lav ) . ""is r e l e t i o n  c a n  

\ be written i r :  t e r m  of the d e c o a p o s i t i o n  r a t e  o f  t h e  uzdecomposed c o a l  
c :  

E - c r A RT' - P Y  7 

, 
ulicre the t e rm C/C, is c q u i v a l a n t .  t o  the tcrin (V, yV)/':, t.i:nt iias 
been usc?d by ?eters t o  c h a r a c t e r i z e  the d e q r e o  of d s c o m F o s i t i o n .  

From t h e  €33" r e s u l t s  we o b t a i n  t h e  f o l l 3 c r i n g  c h a r a c t e r i s t i c  
tempe:a tures  [ 2 3: 

-4 
'IO = 4.2*1!! C / s e c  F, = 36;. c 
9 = 4.3 .1?-3 :? / sec  Tm = 4 3 9 .  c 
m = 1 . 5 . l t - Z ~  /sec Tm'  C3C. c 

whprs Y r n  i s  the  t e r o e r a t u r e  a t  which t h e  maximum 73s rnlcsse :ate is 
ii i-asured ( this n c c u r e s  w h e n  a h o u t  SC 4 or r a r e  c o a l  is a ~ c o x ~ ~ o s a c !  ) ,  
: h i s  implies t h a t  a t  = T,,, a h o u t  30 % t o  SS I of t .ht  c o a l  s h o u l C  be 
:l-.composcd. 

The second  c n n 3 i t i o n  i m p l i e s ,  t h a t  t h a  a c t i v a t i o n  s h o u l d  be 
a s n e n t . i s l l y  c o m p l e t e  a f t e r  the h a a t - u p  n o r i o d  o f  ? C  msec. ? h i s  g i v e s  
3 / : ,  e 8 . 0 5  f o r  m = 35300. - 5f.33.5. C/sec a f t e r  t = 2 9  rsec 

Using e q u a t i o n  u, !!e c a n  now c a l c u l a t e  t h e  valr ic  Ecr c/co f o r  
these d i 2 f c r e r . t  !:eat.ing r a t . e s  u s i n g  several  p a i r s  o f  1.2 sild y d  ani? 
t.!~en w l a c t  t h o s e  v a l u e s  t h a t  promise t h e  best f i t .  T h e  c e s u i t s  itru 
shown i n  Table IV. 

'~hr? . ia lutrs  f o r  C/C, f o r  m = ~ . 3 . 1 ' > - ~  r/sTjc a r e  a l u a v s  co!:r!'.:bGit. 
1'3wer t!m? t ! :cy  s h o u l d  be, o r  t h a t )  thc?  va i l l n s  for  13 = 1!.2.;,;-" Z / : . ; ~ C  o r  
I .  <.l::-'i./sipc. '?his is Lccaiise the ter i lpcrat .ure ,  a?,,,, c ,?r .zot >;e 
d e t e r : : , i n c d  e x a c t l y  cnouqh from t h e  g r a p h s  i n  2 1. A srrsll c o r r c t i o n  
i n  m m  (doCrFds(?)  vould  h r i n g  t h e  r c s u 1 t . s  i n t o  t h s  r i g h t  r a n g e .  
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ps..ctiop 2 2nd 2 : 

. : ' f i e  r e a c t i o n  r a t . n s  o f  t h e  r e a c t i o n s  2 and 3 azs Lasod x l y  OR .:::n 
3 J ? k  r e s u l t s ,  hecause t h e s e  a r e  t h e  o n l y  ciata, for v h i c ! l  s e c o c d a y r  
:iu:qrci.!:i: i o n  is i n s i q n i f i c a n t .  T h e s e  d a t a  a l s o  hi lvp  o n e  ?,:I: 

.li!;a,lva:!t.age, h o ! ; c v ~ r ,  b e c a u s e  only t h e  o v e r a l l  v o l a t i l e  rnatt.er L ' f;'-:'-' ..,.. 
is repcrtec! hnd 110 d i s t i n c t i o n  b e t v e e n  t a r  and gas is aade. 

"0 obtain k i n e t . i c  v a l u e s ,  t h e  i n i t i a l  s l o p e s  of  s e v e r a l  ECii??. 
 curve^^ ( a t  d i r ' f e r e n t  t a n p e r a t u r e s  ) were used. T h e  i n i t i a l  p ~ ~ d ~ ~ c t i o r !  
rato of SC[I'P,P. is : 

ci>i/dt = 3 .  s * e x p (  -E2/?) 

: I s i n g  
iril o k t a i n  f o r  t h e  d i f f e r e n t  t e n p e r a t n r e s :  

the a p p r o p r i a t e  e r p i r i c a l  c o r s t a n t s  f o r  c o a l  D ( g i v e 2  i!: [ 1 1  1) , 

7 ( T )  I 9 7 3  I I 3 2 3  I 1773 I !?2? 1 ? ? 7 3  I ' ? 2 3  

z y / d t  ( sec-q 1 7 2 2  i ? c . g R  I 1 6 . a ?  1 2 3 . 8 3  I 33.41 I I r c . c . 6  

T h i s  i n i t i a l  w e i q b t  l o s s  of EZB?:? vi11 be s e t  e q u z l  to tk.e ::cig%t. 
losa p r a u i c t e d  b y  our r . ? a c t i o n  a c h e a e  at 2': msec. I f  YC? a s s c [ s e ' t h a t  a t  
? A  C S L C  t h e  d ? c o s ? o s i t i o n  j u s t  star ts ,  t h e n  n 3  s 2 l i d s  S ,  E x c i  t:avc 
z3rrp.:!(I y e t  and t h e  reactions 0 a n d  5 d o  n o t  c o n t r i t u t e  t o  t h e  v e i ~ l i t  
L x x .  Ta;2rcforc + h c  i n i t i a l  w e i g h t  loss c a n  be a p ? r o x i c a t e 4  as 

s Z  

i S i ? O k . . ?  : 

/' 
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1 wilsre !IC* is t h e  mass f r a c t i o n  o f  a c t i v a t e r !  c o a l  a t  t = 2 0  9 s C C ,  !:>.ich 
i s  d e t e r m i n e d  f r o r  t h e  a c t i v a t i o n  r e a c t i o n  at 2 ?  E S ~ C .  ?h;s? 7 . ~ z l i l %  
c.in lie o t . t a i n e d  11r;ing c q u a t i o n  U t oge the r  w i t h  t h e  d i f f e r e n t  h e a t i n g  
r a t e s  and ' i n a l  t e a p e r a t i j r c s ,  r a s u l t i n q  i n  : 

<' 

1 ( K ) I ? ' ? ? 3  1 1C23 I 1C73 4 ' 2 2 3  

t L c I . e u  I 1.32 1 1 . 0 6  . . . '.G? 

I f  i t  i s  assunc? t .hat  f o r  ? = 9 7 3  K and T = ? . 7 7 3  K all c o a l  
csnverts t5 rouq . i  r e n c t . i o n  2 ,  t h e  a c t i v z t i g n  e n e r r ; y , a n d  t h e  f r a q o e n c y  
f a c t o r  of  r e a c t i o n  2 car .  b e  c a l c u l a t s d  u s i n g  e q u a t i o n  6 .  T h i s  g i v e s  

\ 

d 
./I 

F ,  = 55E1.  sec-2 
z 2  = 1C.763 k c ? l / r s l e  

70 o h t a i n  +.he kii;ctic v a i G e s  f o r  r e a c t i o n  3 ,  t h e  i n i t i a l  w e i g h t  
loss 2t p = 1 7 2 3  Y ani T = ' 2 ? 3  i( is R a t c h e t  w i + h  tF.e a n a l y ? i c  
a x p r e s s i o n .  :.t these  t e c p e r a t u r e s  3ot.h r e a c t i o n s  ( r e r t c t i c n  2 anr'; 3 ) 
c o n t r i b u t e .  T h i s  c a l c i i l a t i o n  t h e r :  l a a d s  t 3  

A, = 3 . & * 1 , S 6  ~ e c  -i 

PJ = ' 3 ? . r 6  k c a l / m l e  

"hasa v a l u e s  h o v i v c r ,  r e s u l %  i n  t33 h i q h  a r e a c t i o n  r z t e  a t  " = 
3 7 3 .  3 .  To r ed i i ca  t h e .  r e a c t i o n  r a t e  a t  T = 973 X, arrd t o  
: i i ~ : ! i t a r ! e o u s l v  xccp t h e  r a t e s  + i g h  at .  '? = ! i s ? " ,  - ?Sa?.)  . -  R, t h e  
a z r i v a t i o n  er.era:i E 3  had t o  be i n c r e a s e d .  S m a l l  chsr.gc?s i n  + h e  
f r e q u e n c y  : a c t o r  a l s o  i r p r o v e d  t h e  f i t .  ? i n a l l y  t h e  h e s t  r e s u l t s  
were o b t a i n e d  f o r  

h 2  = ~ 5 . 1 . e ~  g G c - 2  A 3  = 3.1s' s3c-1 
7 = ur(, X c t l / r o l e  1, - 
-'3 - 2  - 1'7.7 !-.cal/molc 

111 +.!;is vas done  foi a f i r s t  g r d e r  a c t i v a t i o r .  s t c n .  -:.T 
i n t r o d u c t i o n  o f  a s e c o n d  o r d e r  a c t i v a t i o r .  s tep  a i d  chancjp t h e  r i s u l t s  
o n l y  by i I I jOnt .  1 / 2  7, w h i c h  is  ur_. l?  v i t h i r !  t h e  l i m i t s  of t h e  acciiz.cy 
oi + h e  D C t i Z R  d a t a .  

??e  h i g  1incert .a i n t v  i r :  t h e s e  v,ali!os ho::ever is +he a . s r ; u n ~ t . i . o n  
t n a t  dt T = 9 7 3  ? and i P 2 3  K a l l  a c t . i v a t e c !  c o a l  dscoc ;oses .  v i a  thee lo:.: 
t.-!nor,rati!rn r o u t e .  S i n c e  SaAzioch  and  ??aw:r.sley di.', n o t  r c lo r t  ac-: t a r  
D r  qas  y i e l d s ,  t h i s  a s s u r c p t i o n  c a c n o t  he v e r i f i e d  a t  t h e  :co.^;,ent. ct!!or 
:iicle curv!?s i n d i c a + e  t 5 a t  t.ho r.:a~imum t a r  y i e 1 . i  is  raac : ied  ? . ~ ~ ~ ~ : ~ C : : I  

1xo: : ;xr ; i t io r .  cannot .  h e  e x c l u d e d .  !lovcver, it will be sLoun t h a t  by 
choosing a n o t h . ? r  s e t  Of k i n s t i c  v a l u e s  f o r  r e a c t i o n s  :) ar.? 2 ,  + h e  
n v - t r a l I  ?CtiF?: curves a n ?  e i f f e r e n t  t a r / q a s  r a t i o s  c a n  !!e ? r e i l i c t . e ? .  

?:I o r d e r  1.3 ir .crcarse t h e  y a s  y i . > l d  a r i l  decrensc?  t t . e  t?.r -!ic:lE, 
il0t.h c c t i v a t i o n  energies  had t o  he lowered. An a c t i v a t i o n  encrqy, c 2  = 
3 kcal / r : :ole ,  was a r b i t r a r i l y  c h o s e n  and t h e  o t h e r  V J ~ U J S  u s r e  

,: . _ ,  I- - 7 2 0  2 [ 27,35 ]. R i i t  i n  t t e s e  r + a p e r i r ! ? ~ . t s  sc?rc.z:!ery 



:.:*.pr:: ir.c d . >ga in  bv r a r c t . i n q  tiic i p t i a l  slopr:.;. !!o i e a i  n ? T i ? i z n + i o n  
i c d r r j r e i !  o u t ,  ) . l i t  t h e  ,it v i t h  ti:c ?CTJ?; c u r v e s  W R S  r*?aSoi'i:;ly c;ood 

f a r  
:12 = 5 ,  !.:cal/nole 7 -  -3 - 3,:. :cca?- /aole  

.. . . - i qu rc  3 r,'r.ox.s the  t a r  and 9 . t ~  y i e l d s  as a f!:::ctior. of 
ts:nperilt.urc i o r  a ? e v o l a t . i l i z a t i o n  precess of 1 5 7  R S R C  a u r a t . i o n ,  It is 
now clear from this f i q u r e ,  t h a t  t h e  p r i m a r y  d e c o m p o s i t i o n  schene c a n  
J d s i l y  be a d j u s t e d  ( i f  n e c e s s a r y  ) t S  new e : c ? e r i m e n t a i  d a t a  w h i c h  
r(:port.s t h e  p r i r t a r y  t a r  aria t.he p r i n a r y  3as y i s l d s  s e p a r a t e l y .  

pfi~w~~l 2 : 

i ; o 6 ~ l i n g  t h e  s l o v  k e a t i n q  p r o c a s s  of ?E" means t h a t  a l l  z c t i v a t e ' !  
c o ~ l  dncornposcs v i a  r + a c t i o n s  2 and 4 . T h e r e f o r e ,  t h e  orii;r qas 
t - < , t - ! ? i i ! q  r v i t i o n  i r :  r r a c t i o n  1: a n d  t t : v  ~ ~ ! i ~ i l t . ~  o f  n;?ti'rn i i n d  .Ii:rs:tqcn 
C . ) r  t i , & .  CJ'I::  pr:nt':iici. inn !invc! t o  t t e  rr;it, d iiy nc; ic t . ion 1: . : 5 mn:ltionctl 
, ' .irLi.r?~, it. u i l l  p r o b a b l y  not. be noss e t o  f i t  t h o  $!hole s h a p e  of 
t.!is Gas r e l e a s e  c c r v e ,  5 a t .  t h e  c h a n g e s  o f  t h e  t e m p e r a t c r e  T m  w i t h  
c h a n q i n q  h e a t i n g  rates c a n  be s i m u l a t e d .  F i g u r e  C s h c u s  t h e  results 
f o r  

F.y = 1.7.10'3 scc-z 
F y  = 5 5 .  kca l / rno lz  

&;id t h e  c o n p a r i s o n  with t h e  P E ?  c u r v e s .  ?igure 5 shows th.a i n f l u e n c e  
o f  t h e  k i n e t i c  v a l u e s  f o r  r e a t i o n  IJ o n  t h e  r e l a t i o n  k o t v c e n  t h c  
t a ! y x a t c r e  Tm a n a  t h e  h e a t i n g  rate r. T h e  c o r r e s p o n d i n g  p a i r s  of :.+ 
In:! I?+ h a v e  t e e n  s e l e c t e d  t o  o h t a i n  a good f i t  w i t h  the DCUI?.; c u r v e s .  

' ? c i l c t i o  5 : 

?he  k i n e t i c  v a l u s s  f o r  t h i s  r a a c t i o n  h a v e  hicz c;lr3:ser ra ther  
a r h i t . r a r i l y .  Due t.0 t h e  s c a c i t y  of e x p e r i n e n t a l  ?a t . a  f o r  hi.;:! 
t m p z r a t u r e  ( > 130: I( ) ,  s h o r t  d u r a t i o n  processes ( Kinber  and ; ray  
o n l y  report.ed a b o u t  te!? e x p e r i m e n t a l  p o i r x s  a t  (1 iEfe r s r . t  tsr .?czatcrcs 
I ,  no a e t a i l e d  a n a l y s i s  o f  t h e  i n f l u c n c o  of t h i s  r e a c t i o n  h a s  bee?. 
:nad e. 

i h e  a c t i v n t . i o n  e n e r g y  o f  55 kcal/molr? vas  c h o s e n  a i i i t c a r i l y  a d  
t!.? f r q u e n c y  f a c t o r  detersir .ed,  so t h a t  a t  t h a  e ~ p e r i a ~ n t a i  
c o n 5 i t i o r i s  of  P a d z i o c h  and Havks lcy  no a p p r e c i a b l e  2egradat . icn of 
S z  t o  S y  t o o k  place. T h i s  vas n e c e s s a r y  t o  e x p l a i n  t h e  casiecal 
v o l a t i l e  m a t t e r  found i n  t h e i r  e w p e r i a e n t s .  

'.*he tollow i n g  numbers  for t h e  s t o i c h i o m e t r i c  c c c f f i c i o n t s ,  the  
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A Compar ison  W i t h  IICUEA 5esul t .s  

' i u u r c  6 q i v e  a c o n p a r i s o n  h a t s e e n  t h e  t h e o r e t i c a l  3.ZU3.; v o l a t i l e  
iadtter y i e l d  c u r v e s  a n d  t h o  D r e d i c t e d  c u r v e s  o b t a i n e d  froc. t h e  p r i m a r y  
decompos i t . i on  scheme f o r  s i x  e i f f e r e n t  t e m p e r a t u r e s .  

3v f i t t i n g  t h e i r  r e s u l t s  w i t h  o n e  s i n q l a  r a t e  s x n r e s s i o n ,  
2a:lzioch a:A : ; i t s k s l c y  [ 11 ] assumed t h a t  no a p p r . ? c i a t l c  r i ccompos i t io r .  
ha4 t a k e n  ? lac?  f i n r i n g  t t e  heat -up  p e r i o d .  They f 3 u n d  t h e  h . ? a t - , i r i  t . iw 
t o  k,e a b o u t  2 r  P S X .  Only a f t e r  t h i s  2.3 ciscc, + h e  d e c o : d ? o s i t i o n  
proct.e,cis a t  a c o n s t a n t  t e n p e r a t i i r e ,  which t h e y  u s e  ir. t h e i r  r a t e  
a x n r e s s i o n .  The s t a r t i n g  p o i n t  f o r  t h e  d e c o m n o s i t i o n  was d e t c r o i n e d  by  
d x t r a p o l a t i n g  t h e  c u r v e  t h r o i i g h  t h c  a c t u a l l y  rnr?asured F c i n t s  t o  t h e  
l i n e  where t h e  w?iq!:t l o s s  was z e r o .  -he d a t a  p o i n t s  were t a k e n  o n l y  
,at . t = 30 a s e c  a n d  l a t e r .  ? h i s  e x p r a g o l a t i o n ,  h o v e v e r ,  n i g h t  n o t  
r e p r e s e n t .  t h e  t r i i~i  d c v o l a t i l i z a t i o n  c u r v e  a t  t hes .3  ea r ly  tiwes. 

'Lit t :.be p r o p o s d  nechanism t h P  h-?at-up p r i o d  m u s t  be i n c l u d e 6  
XCBUSF!  of ti:+ a c t i v a t i o n  s t e p  ( r e a c t i o n  1 ) i ihict .  AS fast. a t  
t e n p e r a t u r c s  a b o v e  6C:; C. T h o r e f o r e  the r e s u l t s  o h t a i n e c  3 y  our s c h a a e  
a l r e a d y  show so:ce d c c o r n F o s i t i o n  i n  t h e  f i r s t  2 3  msec, d e p e c d i n q  on t h e  
t e n p e r a t u r e .  T h i s  p r o 3 a t l y  i s  a be t te r  r e p r e s e n t a t i o n  of !.he t r u e  
d e v o l a t i l i z a t i o n  c u r v e s  t h a n  t h e  SC:lIrF, c u r v e s .  

The c u r v e s  show a v e r y  qood a g r e c n o n t  for t > 3C msec a n d  t h e  
d i f f e r e n c e s  Set.ween t h e  present p r e ? i c t i o n s  a n d  t h e  B Z l J P k  c u r v e s  are 
not n : o ~  t h a n  1 . 5  X. T h i s  is c e r t a i n l y  less t h a n  +.he e r ro r  'Jotreor. t h e  
t?i!i3ii.ic,11 Url l i 'A  c n r v c s  a n d  t S e  a c t r i a l  d a t a  p n i n t s ,  a s  o h t a i n w d  i n  t . h c  
e x ; ~ c r i i : ~ ~ ! n t .  

" i q u r e s  7 ana Q g i v e  a n  i n d i c a t i o n  o f  t h e  c o n c e c t r a t . i o :  
v . i r i i t i D n s  v e r s u s  t i n e  f o r  t h e  different co!ny.ounds a n d  t v o  E i f f c r e n t  
- .  , .L:-nr.?ratures.  ?he r a p i d  d e c r e a s s  o f  t h e  C mss f r a c t . i c n  a n d  t h e  
~ : o r c e s p o n d i n g  i rcrcase i n  Xc: s h o u l d  be n o t e d .  "his shot i s  t h a t  u ~ . d e r  
t h e s e  r a p i d  k e a t i n c ,  h i g h  t e m p e r a t u r e  c o n d i t i o n s  t h e  a c t i v a t , i o n  s t e p  
i s  n o t  r a t e  c o n t r o l l i n g ,  b u t  qocs t o  c 3 m p l e t i o n  d u r i n c ;  t h o  h c z t - u p  
0.2 r i o  d . 

p 



Sone Conments ?.bout T h e  ? a c t i o n  r o n s t a n t s  

? i y u r a  9 shows t h e  r e a c t i o n  c 0 n s t a n t . s  f o r  t h e  f i v e  r e a c t i o n s  
V ~ T S I I S  l/T ( i r r k e n i u s  p l o t  ). T h e  f o l l n v i n g  c h a r a c t e r i s t i c s  c a n  bo 
33s 9rv ea.  

F t a c t i o n  is  r a t e  c o n t . r o l l i n g  u p  t o  a b o u t  9 ? 3  i;. U? t o  this 

'CGT azc! t h r ?  i c t o r i n d i a t e  s o l i d  C: , s i n c e ,  (a)  r e a c t i o r !  2 is a t i c h  
f i A S t ? r  i::ian r e a c t i o n  7 a n 2  (b) r e a c t i o n  3. ( u h i c t  is t.?,o s?coc(? 
,nasi l , : i ty  for  the 2 c c o n p o s i t i o n  o f  a c t i v a t e 3  c 3 a l  ) is even slo:rer 
:::at? z a c r i o z  3 . l b o v ?  ?5C R ,  a c t i v a t . c d  coal is accun:ulT:ted, since 
T.AB succ~eding c c r c t i c n s  are s l o u e r  t h a n  the a c t i y a t i c n  step. 
. ' : o n n ~ r i s ~ r .  o f  t h o  t w o  p a r a l l e l  r e a c t i o n s  2 and 3 ,  -..i,at t'o1:o.j tte 
a c t i v a t i o r .  ste? stnws t h a t  t 5 e  t a i  5o r : : a t ion  is f a v o r e ?  u ?  t o  
t m o a r a t u r e s  of  ??C? K, a t  which t e m p e r a t u r e  +.ha r e a c t i o n  r a t e s  %re 

a t e l y  aqrja:. Up t o  a r o u n d  K r e a c t i o n  11 is s1o::or tba:: t ; T e  

n q  react ion 2,  t h e r e f o r e  ar: a c c u n u l 3 t i o n  o f  s o l i d  sL o c c u r s .  
- . I X . S  '::ill r e s u l t .  i n  t h e  g a s  i e l ? a s e  o c c u r r i n g  a f t . ? r  t h e  t a r  r e l e a s e ,  
uc '_ch  is observed i n  a l l  d e v o l a t i l i z a t i 3 n  e x p e r i m s n t . s .  ;'he rates of 
r e a c t i o n  3 and 5 a r e  e q u a l  a t  a t o o t  iG.30 R . 

* ..,.nns -, , z ~ t u r c ,  all c l c t i v o t e d  c o a l  i s  i i m e r l i a t . e i y  c o c v c r t e r l  t o  a r i n a r y  

7 :  . 

mochan i sn  and r a t e  o f  c o a l  p y r 3 l y s i s  depend,  of course, on 
t::e z o l f c u l a r  s t r u c t ~ r e  o f  coal .  C o a l  is a p o l y m e r i c  co:!,?oc::.i ( ~r 
; , ? r : i i p s  2 r ix tu rc  of  s u c h  compour.ds ) c o n t a i n i n g  p o l y n u c l e s r  a r o n a t i c ,  
dl . iph3~.ic,  sn:! some h e t e r o c y c l i c  qroups. ;ihile : be re  is some 
::.;3c;ieg:[; eat BLOU:. t k ~ .  n r e c i s e  X + . C I ? C ~ U T ~  ( f3r e x a n p l c  t t .e  r:::r~bez a n d  
Lenrirh o t  tke a l i p t a t i c  chains t h a t  sometimes l i c k  a r o x a t i c  and 
i c v c l i c  syatnns [ ?3,e:,0q 7) some general f e a t u r e s  can : I C ?  aqrcei 
cpnn. Z r ;  p a r t i c h a r  i t  saems t h a t  coal c o n t a i n s  a p o l y m o z i c  :~al:cr~le 
(o r  r r .oleculcs)  hnv inq  t - C ,  ? - ! I ,  C-5, C-N, C-O,Cr!, anr? !:r? bends ( in 

v ~ r . r i : : r j  (?;.,jcc:c. o f  s a t u r a t i o n ) ,  h u t  t h a t  t h e r e  are no u n s t a i i l e  t h r e e  o r  
iirer r i n g  s t r u c t u r e s .  

I' I 

t' I 
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T t  is s u c h  r o r e  d i f f i c u l t  t o  ohtnin ar.6 i r . t e rpre t  e 
l a t a  ai;ou: t h c  secorrlory d s c o r c h a s i t i o n  t.ha:: i t  is f o r  + 
d s c o n p o s i t i o n ,  t;;cause t h e  e f f ? c t s  o f  t h e  secon4ar:r  degr 
. i l u a y s  c o u p l e d  a n d / o r  c o v o r e d  b y  t h e  ?f f ec t . 5  of t b :?  p r i n i i l r  
. 3 c c o s p o s i t i o n .  P u t  t.here is s o r e ,  a o s t ' l y  q u a l i t s t  i v e ,  i P f o r z a t i o n  
i v a i l a ~ l e  t h a t  c a n  used  t o  s u p p o r t  a s e c o n d a r y  dsccniFo .y i t ion  rr,o3el 
c o ? s ' i s t i n g  of  t v o  g a s  p h a s e  r e a c t i o n s .  

Fcters [ 2 2  ] i n v e s t i g s t e d  t.!ie d i f f e r e n c e s  he tvcc r :  t h o  + a r s  :=on 
4 low t e x p e r a t u r r  c a r h o n i z a t i o n  a n ?  f r n n  a h igh  te:lpcreturc,  f x t  
L J y r o l y s i s .  I!* c r a c k e d  t h e  h i g h  + . n n p e r a t u r s  t i r s  a c e  fcur.3. t h t  
cr3c;:ir.g p r o d u c t s  .were s u h s t a n t i a 1 l : r  d i f f e r e n t  trcn: t h c  ice 

?L")c?ss, t h e  v o l a t i l e  r a t t e r  t h a t  is c i i i v e n  o f f  h e r e  is t o  a l rLrqe 
 tent t r e  2coduct.  of a socon!?ary i e q r a d a t i o n .  ?he f i i f f e r e r : c e  i n  +.;;e 
nro:li:ct.s trom 3 s l a v  p r o c e s s  a n 5  t h e  c r a c k i x q  ?rct?lict.s 0,: h iqh 
t a n p p r a t u r e  t.ar t h e n  i n d i c a t e s  *.hat t h e r e  must be tro d i f f e r e n t .  
: , : ?z ;da t ion  r e a c t . i o n s .  T h e r e f o r e ,  t h e  tgo reactions 6 ar.6 7 of ?$e 
. z i : : p l i f i c d  scbonic have  been f o r 5 u l a t e d :  

c ,... . )  - : ? ? r a t u r e  r a r s .  S i c c e  a lo*< t e m p e r a t u r e  c a r b o n i z a t i s n  is d if?:? SIC:: 
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", .,:t s y s t c m  of p a r t i a l  d i f f c r c n t i a l  e q u a t i o n s  v i 1 1  he s o l v e 4  
nu : r .n r i ca l ly  usinq a l i n e a r  f i n i t e  e1e :nent  rnst.hod u i t h  2 7c2ar?.li:?c?d 
i x n l i c i t .  t ime m r c h i n q  Drocedure .  ? h e  no n - l i n e a r  in!iomogec.?ous t c r r s  
vi11 cc  q n a s i l i c c a r i z s d  u s i n g  t t P  f i r s t  term cf a , T a y i o t - s e r i e s  
e x  pa ~ 5 i o  n . 

X i n e t i c  v a l u e s  f o r  the t.wo e e q r a d n t i 3 a  r e a c t i o n s  vi11 t h e n  5s 
selec*eri i n  order t o  o b t a i n  goo6 a g r e e m e n t  be tween  t h e  t 5 e o r e t i c a l  
yields f 3 r  C i f f c r e n t .  bed h e i g h t s  and  .an? t h e  exper imenta l  d a t a .  

:. k i n e t i c  rno4e1 fo r  c o a l  p y r o l y s i s  h a s  been  r'evelcprr? t h a t  c ~ r :  L:> 
use? fcr chc? theoretical o p t i m i z a t i o n  of m a l  c o n v e r s i o a  ? r o c c s s e s .  7.? 
cop.t;?.s': t o  ivany p r e v i o u s l y  proposed schemes ,  t h i s  ; ? C r ' e i  k a s  S:3cn 
f o r : w l a c e d  i n  terms of g e n e r a l  c o r p o u n d s  l i k e  tars, qases, an:i s o l i d s ,  
i. i .  t h s  volatile r a t t e r  h a s  See:, 9 i v i d e d  i n t o  1i:uid a n 6  gas-ous 
?roCc::ts. i ' u r the rmore ,  a h i g h  a c t i v a t i o n  e n z r g y  s t e ?  has  L?cn 
i:i?:-o?-t!zk?ri t o  c o n v e r t  t h e  raw c o a l  t.o a c t i v a t e d  c o a i .  ! ! i t h  +?!is 
a c t . i v ? t . i o c  stc?:: it is p m s s i h l e  t o  a p l y  the s c h e s e  o v e r  a v i d s  ra:(;e 
O E  +.CQ;lerat\ireS arid h e a t i n q  rates, u n l i k e  o t h e r  schanes ti.z?t h a v e  l~ear.  
l i r i t c f i  t o  naiEO'd r a n q e s .  

"$2 7 r o p o s r d  k i n e t i c  model  c o n s i s t s  a n  a c t i v a t i o n  s t e p ,  foiir 
; ] r i z a r y  d e c c J n p s i t i o n  r e a c t i o n s  i n  t h e  s o l i d  p h a s e ,  and  f r o  
:?;rn::at.ion reactions i n  t h e  qas ??lase. Soor! a g r e e m e n t  5?t::a:r. 
?:?v;Dnsly p u b l i s h e r l  e x p e r i m e n t a l  resu1.t.r a n d  t h e  t h e o r a t i c r l  
> z + . ( l i c t i o n s  f o r  p r i m a r y  d s c o c p o s i t . i o n  h a s  S e e n  o b t a i n e d  over a x . i C ~ -  
c:in;;e ot.' h a a t i n q  r a t e s  7O"'to * ; > * ~ c / s c ? c  ) and ,  a s s o c i a t e d  w i t h  i t ,  
)v :? ii wi.3e rililgc? o f  t e n p e r a t u r e s  ( Ui .7 .C  t o  9 5 0  s ) . 
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N0YZNCLhTU'P.E 
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Frequency fac tor  , sec 

tcass f rec t ion  of activated coal, gAC/gStart .Mzterial 

Empirical constants  used by Balzioch 

Residual v o l a t i l e  matter i n  -ihe char 

!.lass f rac t ion  of coal ,  gc/qs  .,v;aterial 

I n i t i a l  Tp.ass f r ac t ion  of coal ,  gC/gStart.Material 
(normally = 1) 

Activation energy, kcal/mole 

Rate a t  which compound i i s  produced o r  consumed, 
gi/sec 

Heating rate,  K / s e c  

Molecular weight of gaseous species  i, g/mole 

Rate constant  of reac t ion  j ,  sec-l 
2 ,Pressure, g/cm 

Mass f r ac t ion  of primary gas ,  gpG/gStart.Material 

Production rate of gaseous species  i due t o  primary 
ciecomposition, gi/cmieactor-sec 

Mass f r ac t ion  of primary tar,  gpT/gStart.Material 

Gas constant ,  kcal/moleX 

Reaction r a t e  of species  i i n  the  gas  phase, gi/cmGasPhasesec 3 

Mass f r ac t ion  of solic! intermediate i o r  s o l i d  res idue  
gS/gStart .Material  

T i m e ,  sec 

Temperature, K 

Temperature of maximum gas re lease  r a t e ,  K 

F l o w  veloc i ty  i n  the gas phase, cm/sec 

Gas volume released by a thermal degradation 
(varying with t ime) ,  crn3/gMat 

react ion 
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vg = >.:c:::ir.lui, poss ib ie  9 z s  volGme f r o n  a t>erF.al d c g r z k t i o n  

VM = M B S S  r^ r , ac t ion  of v o l a t i l e  F l a t t e r ,  g Vi.I/gStart.Kateriai 

r c i l c t i o i i ,  ca:/q., :.,a 'i 

V>I0 = ".-0..ii.,- . .. ,. . . L ~ c  v o l a t i l e  :.?ittcr (ASTM s t a n d a r d )  , 
l , j  L !.,12i(;ilL loss 

x = S t o i c h i o x c t r i c  c o e f f i c i e c t  ( b y  n a s s  f o r  r z a c t i o n s  i - 5 ;  
(zo la r  for r e n c z i o n s  6 - 7 )  

y i  = S t o i c h i o x e t r i c  c o e f f i c i e n t  f o r  t h e  solid r e s i d u e  -,roBuccd 

Yi = ibIass f r a c t i o n  of g a s e o x s  s p s c i e s  i i n  t h e  g a s  ;;?.ase 

p = D e n s i t y  i n  t h e  gas  p h a s e  

v = Void s p a c e  i n  t h e  g a s  p h a s e  

ty t h e  g a s  phase d e q a c k t i o n .  

" l .  Ladle I 

K i n e t i c  p a r i i m e t e r s  f o r  t h e  p y r o l y s i s  model 
O f  KQDdyaShl ( R e f .  2 5 )  

XIiUETIC REACTION 
PAiL4MC TER I I1 1 

A c t i v a t i o n  Er ,ergy E 
(kc a l/mo 1 e ) 

Frequency  F a c t o r  k 

( sec-') 

S t o  i c  I-. i o m  t r  i c 
C o e f f i c i e n t  x 

Hea t  o f  R e a c t i o n  AH 
( c a l / q  c o a l )  

17.6 

5 2.2xlO 

0.39 

-412. 

12 2.0xlO 

1.0 

-200. 
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+l 
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+2 

+3 

+4 

k 
+5 

*6 

+7 

k 

k 

k 
+9 

,"I 0 

GEiYERAL XY-I'OT-TTJCX SCIIIXE FOX 
C O A L  PYROLYSIS 

AC 

x2PTL + (1 - x2)S1 
x3PG2 + (1 - x3)S2 
x4PG2 + (1 - x4)S3 
x5PG3 + (1 - X-)S 9 4  

SAC 

x7SG1 + Y7S5 

PTG 

x9SG2 + Y9S6 

X10SG3 + '10'7 

'4 

Activatioc Step (high E) 

lOW E 

rncdium E 
primary 
decomposition high E 

* 
hiqh E 

Deactivation Step ( DAC + C ' , 

Polymerization in the liquid 
phase inside the particle 

Vaporization (depending on 
heat and mass diffusion) 

Polyucrization in tile 
gas phase 

Cracking in the gas phase 

c =  
AC = 
PTL = 

PTG = 
PG = 
SG = 
s =  
X,Y = 
A E =  

Initial coal 
Activated coal 
Liquid primary tar 
Gaseous primary tar 
Primary gas 
Secondary gas 
Solid intermediate or residue 
Stoichiometric coefficients 
Activation energy 
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